Background: Water deficit has significant effects on grape berry composition resulting in improved wine quality by the enhancement of color, flavors, or aromas. While some pathways or enzymes affected by water deficit have been identified, little is known about the global effects of water deficit on grape berry metabolism.
Conclusion:
The metabolic responses of grapes to water deficit varied with the cultivar and fruit pigmentation. Chardonnay berries, which lack any significant anthocyanin content, exhibited increased photoprotection mechanisms under water deficit conditions. Water deficit increased ABA, proline, sugar and anthocyanin concentrations in Cabernet Sauvignon, but not Chardonnay berries, consistent with the hypothesis that ABA enhanced accumulation of these compounds. Water deficit increased the transcript abundance of lipoxygenase and hydroperoxide lyase in fatty metabolism, a pathway known to affect berry and wine aromas. These changes in metabolism have important impacts on berry flavor and quality characteristics. Several of these metabolites are known to contribute to increased human-health benefits.
Background
Vitis vinifera L. has relatively high drought tolerance [1, 2] . Once established in a deep soil with adequate water retention characteristics, grapevines produce root systems several meters deep enabling the vines to survive severe water deficits. Grape sensitivity to water deficit depends on the timing of the application being particularly more sensitive during anthesis and just after anthesis [3, 4] .
Regulated-deficit irrigation has been used to improve berry and wine quality [5, 6] . For instance, application of water deficit early in the season before véraison resulted in greater concentrations of anthocyanins and phenolics [7, 8] . Color differences were the result of increased anthocyanin synthesis caused by water deficit applied either early or late in the season [7, 9] . Indeed, water deficit treatment typically increases the skin to pulp ratio compared to well-watered vines [10, 6] , increasing the amount of skin tannins and anthocyanins. However, it does not appear to affect the quantity or polymerization of seed tannins [11, 6] . Application of water deficit after véraison decreases berry weight to a lesser extent [4] , while still increasing substantially phenolic compounds such as anthocyanins [7] . In addition, the rates of accumulation of flavonoids as well as the degree of tannin polymerization may be increased [2] . In contrast, excessive and prolonged irrigation can reduce grape quality and yield due to late season vine growth [12] . Prolonged irrigation can delay or reduce sugar accumulation and increase titratable acidity. In addition, prolonged irrigation can reduce anthocyanin content, in part due to continuous and excessive shoot growth that increases the shading of berry clusters [13] .
Whereas physiological and biochemical data are numerous regarding the effect of water deficit, little is known about gene expression in grape berries exposed to water deficit. One global approach, using the Affymetrix ® Vitis vinifera (Grape) Genome Array V. 1.0, at the tissue level indicated that water deficit affected the mRNA abundance of 13% of genes at grape maturity within the three tissues of the berry (skin, pulp and seeds), with the greatest changes located in the pulp and skin [14] . While the func-tion of many of the genes differentially expressed within the seed and pulp remain to be elucidated, genes over-represented in the skin were clearly associated with phenylpropanoid metabolism, ethylene, pathogenesis-related responses, energy metabolism and stress responses.
Recently, water deficit was shown to accelerate anthocyanin biosynthesis, along with associated changes in transcript abundance of genes in the anthocyanin biosynthesis pathway in the grape berry skin [9, 15] . These authors suggested that both ABA and sugar signaling might have accelerated anthocyanin development. Indeed, additions of ABA and rhamnose to grape berry skins have induced anthocyanin biosynthesis in a synergistic manner [16] .
Water deficit is known to increase ABA concentrations in the xylem sap and leaves of grapevine [17] [18] [19] . Under normal conditions (no water deficit), ABA concentrations in berries peak near véraison [20] , when berries begin to soften, and sugars and anthocyanins begin to accumulate. To the best of our knowledge, only one report has described the effect of water deficit on ABA concentrations in grape berries [18] ; water-deficits applied after véraison significantly increased ABA concentrations in Chardonnay berries in one water-deficit treatment, but not in another water-deficit treatment that occurred in a later developmental stage.
In this study, we tested the hypothesis that a long-term, seasonal water deficit induces ABA concentrations in the berries of red-wine grape cultivar, Cabernet Sauvignon, influencing berry phenylpropanoid and sugar metabolism after véraison. Likewise, we expected that a longterm, seasonal water deficit would cause different metabolic responses in Chardonnay, a white-wine grape cultivar that lacks anthocyanin biosynthesis. We show that there are significant differences in the response to water deficit between the two cultivars. Not only were there differences in the effects of water deficit on phenylpropanoid metabolism, but also there were different effects of water deficit on ABA, isoprenoid, carotenoid, amino acid and fatty acid metabolism.
Results

Physiological responses to water deficit
Different ripening parameters (berry size, soluble solids, titratable acidity) were measured throughout development in Cabernet Sauvignon and Chardonnay berries in both well-watered (WW) and water deficit (WD) treatments ( Fig. 1) . Water deficit was administered simply by withholding water. Thus, these vines developed water-deficit at the rate natural to their local conditions. Note that Chardonnay and Cabernet Sauvignon had different flowering and harvest dates due to differences in genotype and location.
Stem water potentials were monitored in both cultivars, which were at different vineyards, in order to define water status conditions throughout the season and its impact on these ripening parameters. Water was applied to both WW and WD vines by drip irrigation, once the desired stem water potential was reached (-0.6 or -1.2 MPa, respectively). For Chardonnay, irrigation was initiated on week 24 and 29 for WW and WD vines, respectively. For Cabernet Sauvignon, irrigation was initiated on week 27 and 36 for WW and WD vines, respectively. Once started, irrigation was applied weekly, because there was no rainfall throughout the growing season.
Differences in the stem water potentials between WW and WD vines were detected by week 25, early in Chardonnay berry development ( Fig. 1A) just after the administration of the water deficit treatment. This difference was maintained throughout the season until harvest. In contrast, the differences in stem water potentials between WW and WD Cabernet Sauvignon vines were not observable until week 30 and reached a minimum of -1. 25 MPa at week 36 in WD vines. The slower rate of stress development for Cabernet Sauvignon could be due to a number of factors including differences in soil type, vapor pressure deficits, temperature, age of the vines, root stock, depth of roots, and trellising systems. In Chardonnay, the berry diameter was smaller in berries from WD plants over the course of berry development; differences ranged from 0.5 cm to 1 cm at the harvest stage ( Fig. 1B) . In contrast, a decrease in berry diameter of Cabernet Sauvignon under water deficit conditions was detectable first at the start of véraison (week 30; Fig. 1B ).
Soluble solids content (°Brix) and titratable acidity (TA) were significantly affected in WD vines (p < 0.001) with varying results (Fig. 1C ). °Brix increased in both Chardonnay and Cabernet Sauvignon berries for all treatments starting at véraison. There was no significant effect of water deficit on the start of véraison. °Brix was increased significantly (p = 0.0002) in Cabernet Sauvignon berries of WD vines compared to berries of WW vines starting one week after véraison (Fig. 1C) , however there was no signif-icant effect (p = 0.26) of water deficit on the °Brix of Chardonnay berries. TA ( Fig. 1D ) was highest just prior to véraison, and then decreased until harvest in both cultivars. WD significantly reduced TA in Chardonnay berries (p < 0.01) but not in Cabernet Sauvignon berries (p = 0.15).
Functional comparison of genes sets differentially expressed in both cultivars during water deficit
The effect of water deficit on the global gene expression of berries of both cultivars was examined. Total RNA was extracted from the berries at seven different time points for each cultivar and treatment as indicated in Figure 1B . Global gene expression analysis was performed using the Affymetrix Vitis Genome Array. Out of the 16,436 Vitis probe sets placed on the array, 10,101 probe sets were detected in at least two of three replicates within every experimental condition (water status, time point, and cultivar) according to the GCOS software (Affymetrix, USA) leading to an overall specialized detection rate of 61.7%. To validate expression profiles obtained by the Vitis Genome Array, quantitative real-time RT-PCR (qRT-PCR) was performed on four different transcripts (two for each cultivar) that increase and decrease in abundance using gene-specific primers (Additional file 1). Transcript abundance patterns were calculated for both cultivars and treatments along the entire course of berry development. Linear regression analysis resulted in an r 2 of 0.89 indicating a very good correlation between transcript abundance assessed by qRT-PCR and the expression profiles obtained with the Vitis Genome Arrays (Additional file 2). This is consistent with previous results from these arrays [21] .
A simple, three-way fixed effects ANOVA was performed, to examine probe sets with a significant treatment effect, a significant treatment and cultivar interaction effect, and a significant treatment, cultivar and time interaction effect. There were 3819, 2036, and 368 significant probe sets (p = 0.05) in each effect test, respectively (Additional files 3, 4, and 5). The genes represented by these probe sets were functionally categorized and compared to the functional categorization for the entire Vitis Genome Array (Fig. 2) . Functional categories were assigned using the Munich Information Center for Protein Sequences (MIPS, ver. 2.1) catalog of top Arabidopsis BLAST hits [22] . Because we detected some errors in the functional annotation for some Unigenes, functional categorization of each Unigene was verified or corrected manually using BLAST functions at PLEXdb http://www.plexdb.org. A complete list of functional categories for all probe sets on the Vitis Genome Array has been constructed and is available at the grape annotation page of this website.
Water deficit had significant effects on several functional categories including transport, transcription, and signal-
The effects of water deficit on various grape vine and berry parameters over time Figure 1 The effects of water deficit on various grape vine and berry parameters over time. A) stem water potential, B) berry diameter, C) berry soluble solids, D) berry titratable acidity. Vertical magenta and green dotted lines mark the boundaries for véraison for Cabernet Sauvignon and Chardonnay, respectively. Arrows mark sampling dates for molecular analyses. Symbols represent means ± SE; n = 6. CH = Chardonnay, CS = Cabernet Sauvignon, WW = well watered, WD = water deficit.
ing categories (Fig. 2 ). Chi-square and Fisher's exact tests showed a statistically significant increase in the percentage occurrence of genes in these categories. There was a significant treatment and cultivar interaction effect on the metabolism, transport and energy categories when compared to all probe sets on the Vitis Genome Array. Likewise, genes with a significant treatment, cultivar and time interaction effect had more significant increases in abundance of transcripts related to metabolism than the treatment-significant set as well as for all probe sets on the array. The metabolism category had the largest differences in transcripts that were significantly increased in the treatment and cultivar interaction effect and therefore will be the focus in the remainder of this paper.
Interactive effects of water deficit and genotype on berry metabolism
A number of maps of metabolic pathways were created by matching probe sets on the Vitis Genome Array to enzymes in known metabolic pathways (unpublished results). Figure 3 summarizes how water deficit affected the major metabolic pathways and their interrelationships for each cultivar. Bold colored arrows indicate those pathways and interrelationships most affected by water deficit in Cabernet Sauvignon (magenta) and Chardonnay (green), including ABA, carotenoid, amino acid, fatty acid and phenylpropanoid metabolism. Water deficit responses differed significantly between the two cultivars. Some components of these pathways were increased and others were decreased. For example, water deficit affected carotenoid, ABA, amino acid and fatty acid metabolism in The percentage of genes in a functional category for each significant effects group compared to the entire set on the Vitis vinif-era (Grape) Genome Array
Figure 2
The percentage of genes in a functional category for each significant effects group compared to the entire set on the Vitis vinifera (Grape) Genome Array. Significant differences between groups were determined by a chi-square test and a Fischer's exact test. Columns with the same letters next to the column indicate that there were no significant differences between that group and the other group within each functional category. Different letters indicate significant differences within that functional category. When multiple letters are present (e.g. ab) then this column is not statistically different from columns with either of these letters (i.e. a or b).
both cultivars, but the specific effects in these pathways were different for each of the cultivars. In other cases, only one cultivar was significantly affected by water deficit (e.g. isoprenoid metabolism in Chardonnay). Some of the specific details of these differences are described in the following sections.
ABA metabolism
There were significant effects of water deficit on the transcript profiles of genes involved in ABA metabolism (Fig.  4 ). The profiles of the log 2 ratio (WD/WW) of the transcript abundance of the genes (probe sets) matched to each enzyme in the ABA metabolic pathway are shown as heat maps ( Fig. 4 ). Boxes from left to right follow berry development over time. The upper set of boxes is for Cabernet Sauvignon and the lower set is for Chardonnay for each probe set. A number of genes were mapped to multiple probe sets on the Vitis Genome Array; in some cases, heat boxes for multiple probe sets were displayed for each enzyme in order to identify transcripts that might participate more in a particular pathway or process. There were significant effects of water deficit on ABA metabolism for both cultivars. Water deficit increased significantly (p < 0.0001) the transcript abundance for both cultivars of important regulatory enzymes in the ABA metabolic pathway: β-carotene hydroxylase (BHASE), ninecis-epoxycarotenoid dioxygenase (NCED) and (+)-abscisic acid 8'-hydroxylase (ABAHASE). There were small but significant effects (p < 0.0001) of water deficit on xanthoxin dehydrogenase (ABA2). The water-deficit responsive transcript profiles displayed for UDP-glucose glucosyltransferase (UGT) and β-glucosidase (BGL1) should be viewed with caution, as these have not yet been clearly identified with ABA-specific functions in grape. However, these profiles are useful to identify candidate genes for further testing.
The influence of water deficit on the metabolism in grapes Figure 3 The influence of water deficit on the metabolism in grapes. The thicker colored arrows indicate that there were significant effects of water deficit on the particular processes linked by the arrows. Magenta arrows represent significant changes for Cabernet Sauvignon and green arrows represent significant changes for Chardonnay. The concentrations of ABA and its metabolites varied across berry development and were influenced by water deficit (Fig. 5 ). Water deficit increased ABA concentrations significantly (p = 0.01) in Cabernet Sauvignon at véraison and one week following véraison. In contrast, there was a significant decrease in ABA concentrations (p = 0.044) at and one week after véraison in WD Chardonnay berries. ABA concentrations peaked at or one week after véraison in Chardonnay and Cabernet Sauvignon berries, respectively ( Fig. 5 ). ABA concentrations were highly correlated (r = 0.65, p = 0.0007) with the transcript abundance ( Fig.  5 ) of one particular NCED Unigene (NCED1, 1608022_at, TC57089) indicating that ABA concentrations in berries in general might be regulated primarily by this gene in berries and not by ABA from some external source such as leaves or roots ( Fig. 5 ). However, additional ABA metabolism steps might contribute significantly to the reduced ABA concentrations in Chardonnay berries (see Fig. 5 and discussion below).
ABA can be metabolized into ABA-glucose ester (ABA-GE) and phaseic acid, which is then reduced to dihydrophaseic acid. ABA-GE concentrations were relatively constant before véraison, but there was a trend towards increasing ABA-GE concentrations after véraison. Water deficit significantly increased ABA-GE concentrations ( Fig. 5 ) in Chardonnay berries (p = 0.0005) but not in Cabernet Sauvignon (p = 0.59). There are a number of transcripts of UDP-glucose glucosyltransferases represented on the Vitis Genome Array. None have been clearly defined as encoding the enzyme involved in ABA glycosylation. However, the steady-state abundance of one transcript (1615714_at, CF404835) was increased by water deficit in both cultivars ( Fig. 5 ). This transcript was significantly correlated with the concentrations of ABA-GE in Cabernet Sauvignon (p = 0.0292), but not for Chardonnay (p = 0.247). Thus, this hypothesis needs additional testing before sound conclusions can be drawn.
β-glucosidases may be involved in the cleavage of glucose from ABA-GE converting it to ABA. None of the profiles of candidate β-glucosidases on the Vitis Genome Array ( Fig.   4 and 5) significantly correlated with either ABA or ABA-GE concentrations indicating that either there is another candidate that is not on the Vitis Genome Array or that this enzyme's activity is regulated by post-translational modifications.
ABAHASE is the enzyme that catabolizes ABA into 8'hydroxy ABA, which is nonenzymatically converted to phaseic acid, which then can be reduced to dihydrophaseic acid. Water deficit slightly increased the concentration of dihydrophaseic acid in both Cabernet Sauvignon and Chardonnay berries at maturity, but these effects were not statistically significant ( Fig. 5 ). Water deficit had no significant effect on the concentrations of phaseic acid for either cultivar (Fig. 5 ). The transcript abundance of ABAHASE was greater in Chardonnay than in Cabernet Sauvignon and was increased significantly by water deficit for both cultivars (p = 0.0176 and 0.0108, respectively). There was no correlation of the transcript abundance of ABAHASE with concentrations of phaseic acid. There was a substantial increase in transcript abundance of ABAHASE at véraison for Chardonnay, but not for Cabernet Sauvignon. The lack of correlation could be due to post-translational modifications or to its regulation being associated with some other transcript.
In a recent study [23] , transcript abundance of NCED2, but not NCED1, was shown to increase at ripening initiation or véraison in Cabernet Sauvignon berries. This prompted us to reexamine the probe set (1608022_at) on our microarray. When the probe set sequence was compared with the grape genome in the nr database at NCBI, there was 100% identity with NCED1 and 76% identity with NCED2, which had no probe set match on the array. To be certain that the data for 1608022_at was that of NCED1, qRT-PCR was used on another set of berry extractions with the same primers as in the previous study [23] . The transcript abundances of NCED1 and not NCED2 using qRT-PCR ( Fig. 6 ) were correlated clearly with the probe set data and ABA concentrations.
The effect of water deficit on ABA metabolism Figure 4 (see previous page) The effect of water deficit on ABA metabolism. The color in each box next to the enzyme name represents the ratio of the log2 of the transcript abundance of WD/WW. The upper set of boxes is for Cabernet Sauvignon and the lower set is for Chardonnay at various times pre-or post-véraison as indicated by the key. Heatmaps of the time series represent changes in gene expression levels as indicated by the color legend above. The high and low light arrows show the direction of the pathway under each condition, respectively. a) BHASE (β-carotene hydroxylase), 1617541_s_at; b) ABA1 (zeaxanthin epoxidase), 1606913_at; c) NPQ1 (violaxanthin de-epoxidase), 1615888_at; d) CCD1 (9,10 [9',10']carotenoid cleavage dioxygenase), 1610743_s_at; e) NCED (nine-cis-epoxycarotenoid dioxygenase), 1607029_at; f) NCED, 1610455_at; g) NCED, 1608022_at; h) ABA2 (xanthoxin dehydrogenase), 1606686_at; i) ABAHASE ((+)-abscisic acid 8'-hydroxylase), 1621989_at; j) UGT (UDPglucose glucosyltransferase), 1621418_at; k) UGT, 1621051_at; l) UGT, 1615714_at; m) 1618155_at; n) BGL1 (β-glucosidase), 1622281_at; o) BGL1, 1608202_at; p) BGL1, 1620808_at; q) BGL1, 1620679_at.
The influence of water deficit on metabolites and related transcripts of enzymes affecting ABA metabolism Interestingly, the mRNA expression of a bZIP transcription factor (1609295_at, TC59629) that is similar to ATHB-7 in Arabidopsis [24] , was highly correlated (r = 0.86, p = 0.0001) with NCED1 expression on the Vitis Genome Array (Fig. 6 ). The transcript abundance of this transcription factor in Arabidopsis is increased by water deficit [24] , inhibits growth, operating downstream in response to elevated ABA concentrations [25] .
Carotenoid metabolism and light stress ABA is synthesized from carotenoids and some transcripts in the carotenoid pathway are also affected by water deficit ( Fig. 4 ). BHASE acts in two parallel pathways that lead to the conversion of β-carotene into zeaxanthin eventually leading to ABA, and α-carotene into zeinoxanthin eventually leading to lutein. These carotenoids can act as photoprotectants under high light intensities [26, 27] . The transcript abundance of BHASE was increased by waterdeficit in both cultivars ( Fig. 4 and 8 ). The transcript abundance of zeaxanthin epoxidase (ABA1; Fig. 7) was not significantly increased in WD berries in either Chardonnay or Cabernet Sauvignon (p = 0.66 and 0.25, respectively). However, in later weeks, the transcript abundance of violaxanthin de-epoxidase (non-photochemical quenching 1, NPQ1) was significantly increased (p = 0.0018) in WD Chardonnay and decreased (p = 0.0014) in WD Cabernet Sauvignon relative to their respective controls ( Fig. 7 ). Conversion of violaxanthin to zeaxanthin by violaxanthin de-epoxidase is required for the dissipation of excess light energy in the antennae of photosystem II [28] . These results indicate that WD Chardonnay berries may be undergoing significantly more light stress than WD Cabernet Sauvignon berries, presum-
The influence of water deficit on transcript abundance NCED1 and NCED2 using qRT-PCR and other ABA-related transcripts on the Vitis Genome Array Figure 6 The influence of water deficit on transcript abundance NCED1 and NCED2 using qRT-PCR and other ABArelated transcripts on the Vitis Genome Array. Data were normalized to the transcript abundance of an ankyrin-repeat protein (1612584_s_at) that did not change with developmental stage or stress treatment. The lines and symbols are the same as Figure 1 ; n = 3. NCED1 (nine-cis-epoxycarotenoid dioxygenase 1), 1608022_at, TC57089, AY337613; NCED2 (nine-cisepoxycarotenoid dioxygenase 2), TC71235, AY337614; bZIP TF (homeobox-leucine zipper transcription factor), 1609295_at.
The influence of water deficit on the transcript abundance of two enzymes in the carotenoid pathway ably due to a lack of anthocyanin-derived photoprotective pigments.
To confirm these results, carotenoid concentrations were measured by HPLC in the berries of both cultivars at all 7 time points. The two most abundant carotenoids were lutein and β-carotene ( Fig. 8 , Additional file 6). There were also detectable levels of neoxanthin, violaxanthin, lutein 5,6 epoxide, antheraxanthin, and cis-lutein in both cultivars (Additional file 6). Zeaxanthin was detectable but not resolvable on the chromatograms for either cultivar. The relatively low levels of chlorophyll a and corresponding increase in pheophytins (Additional file 6) were artifacts of the extraction protocol that did not alter carotenoid levels, but did alter chlorophylls. Carotenoid concentrations were generally 2-fold or higher in Chardonnay than in Cabernet Sauvignon for most carotenoids and developmental stages ( Fig. 8 ). This result was consistent with the higher transcript abundance of BHASE ( Fig. 8 ) contributing to higher carotenoid biosynthesis and the lower transcript abundance of NCED contributing to carotenoid catabolism ( Fig. 6) for Chardonnay relative to that of Cabernet Sauvignon. Most carotenoid concentrations were not affected significantly by water deficit for either cultivar. However, water deficit increased significantly (p = 0.0041) the antheraxanthin concentration before and after véraison in Chardonnay berries (Fig. 8 ). The correlation of the BHASE transcript abundance with the antheraxanthin concentration was not significant at the 95% confidence level (r = 0.51, p = 0.06). However, if the first time point is removed from the analysis, then the correlation becomes highly significant (r = 0.87, p = 0.0002). In Cabernet Sauvignon, the violaxanthin concentration was decreased significantly (p = 0.0007) by water deficit, consistent with the increased NCED transcript abundance that would accelerate its catabolism.
Photosynthesis and glycolysis
There was evidence that photoinhibition was induced by water deficit in Chardonnay berries. This hypothesis was supported by the response of genes involved in the photosystem II electron transport chain, RUBP regeneration and glycolysis ( Fig. 9 ). Chlorophyll concentrations of Chardonnay berries were significantly increased (p < 0.001) by water deficit before véraison, but there were no significant differences after véraison. The transcript abundance of chlorophyll a/b binding protein for Chardonnay follows the same pattern as chlorophyll over time. In contrast, the transcript abundance of several genes in Chardonnay berries was increased significantly (p < 0.001) by water deficit after véraison. These include photosystem II D2 protein, phosphoribulose kinase, glyceraldehydes-3-phosphate dehydrogenase (GAPDH) and fructose bisphosphate aldolase (FBA) ( Fig. 9 ). The increased transcript abundances of these photosynthetic and glycolytic genes are likely indicators of repair responses to photoinhibition during water deficit [29] . The transcript abundance of the same genes in Cabernet Sauvignon berries are generally decreased or unaffected by water deficit (Fig. 9 ).
Isoprenoid, carotenoid, and fatty acid metabolism involved in volatile production
Water deficit increased the transcript abundance of enzymes involved in volatile compound production ( Fig.  10 ). The transcript abundance of one terpenoid synthetase was increased significantly in WD Chardonnay (p = 0.047) at maturity, but not Cabernet Sauvignon at the mature stage when the grapes were harvested. However, the transcript abundance was increased significantly in WD Cabernet Sauvignon at earlier stages (p < 0.0001). This transcript has been shown to be important in the production of sesquiterpenoids during the late ripening stages of Gewürztraminer, an aromatic white grape [30] .
Downstream of BHASE, a carotenoid cleavage dioxygenase (CCD) known to increase at véraison [31] , cleaves zeaxanthin into a C 13 -norisoprenoid and a C 14 -dialdehyde, both volatile compounds. Water deficit increased the transcript abundance of CCD in both cultivars. There was a significant increase at earlier berry stages in Cabernet Sauvignon (p = 0.0024), but there was no significant increase in transcript abundance above that of wellwatered grapes at maturity ( Fig. 10 ). However, there was a significant increase (p = 0.0007) in transcript abundance in WD Chardonnay berries at maturity. Zeaxanthin was unresolvable due to low concentrations. We do not know if zeaxanthin concentration is the limiting factor for this reaction. More research on the rate of supply of zeaxanthin, enzyme concentration and activity, and zeaxanthin concentrations at the site of action are needed to determine the limitations of CCD activity.
The transcript abundance of several different lipoxygenases (LOX) was increased significantly by water deficit in both cultivars. For example, the transcript abundance of one LOX (1617922_at) increased significantly (p < 0.0001, Fig. 10 ) at all stages of development in Chardonnay and at several time points in Cabernet Sauvignon, most importantly at maturity. These lipoxygenases convert the fatty acid, linolenic acid, to hydroperoxides [32, 33] , which through several other enzymatic steps can lead to the formation of volatile esters in wines. In the next step of this pathway, the hydroperoxides are converted to grassy-flavored volatile aldehydes like hexenal and hexenal-3-al by hydroperoxide lyase (HPL) [32] . The transcript abundance of this gene was also increased by water deficit for both cultivars (p < 0.0001) throughout most of berry development including at maturity ( Fig.  10 ). Hexenal can be converted to hexanol, another grassy aroma, by alcohol dehydrogenases [34, 35] . The transcript
Comparison of the effects of water deficit on the abundance of β-hydroxylase transcript with detectable carotenoid metabo-lites Figure 8 Comparison of the effects of water deficit on the abundance of β-hydroxylase transcript with detectable carotenoid metabolites. The symbols are the same as in Figure 1 ; n = 6 for carotenoids; n = 3 for transcripts.
The influence of water deficit on chlorophyll and genes involved in photosynthesis and glycolysis Figure 9 The influence of water deficit on chlorophyll and genes involved in photosynthesis and glycolysis. The symbols are the same as in Figure 1 ; n = 6 for chlorophyll; n = 3 for transcripts. GAPDH (NADP-dependent glyceraldehyde-3-phosphate dehydrogenase), 1607548_at.
The influence of water deficit on the transcript abundance of enzymes involved in carotenoid and fatty acid metabolism abundance for some of these enzymes was also increased in Cabernet Sauvignon berries by water deficit (Fig. 10 ). Alcohol acyl transferases (AAT) can convert alcohols to volatile esters (no clearly identified probe set exists on the Vitis Genome Array for AAT to test this hypothesis in this experiment). We have detected three-fold increases in a fruity aroma (hexyl acetate) in WD Chardonnay wines, which may be derived from this pathway [36] . Yeast metabolism during fermentation is likely to be a contributing factor in the production of this compound.
Proline and glutamate metabolism
The transcript abundance of genes involved in most amino acid metabolism pathways was differentially affected by water deficit between the cultivars (Additional file 4), including proline, glutamate, phenylalanine, tyrosine, methionine, cysteine, and glycine to name but a few. Proline is the most abundant amino acid in berries and can contribute to a sweet taste. Proline has many biological functions that include acting as an energy source, antioxidant and osmoprotectant [37, 38] . Proline concentrations increased in berries at véraison in both cultivars ( Fig. 11 ). There were substantially higher proline concentrations in Cabernet Sauvignon compared to Chardonnay at harvest. Water deficit significantly increased proline concentrations in Cabernet Sauvignon berries (p = 0.0004), increasing by 3-fold at maturity ( Fig. 11 ). There was no significant effect (p = 0.2314) of water deficit on proline concentration in Chardonnay berries.
Δ 1 -pyrroline-5-carboxylate synthetase (P5CS) is considered the rate-limiting step in proline biosynthesis [37, 38] . P5CS converts glutamate into glutamate 5-semialdehyde, which spontaneously converts to Δ 1 -pyrroline-5-carboxylate. Δ 1 pyrroline-5-carboxylate reductase (P5CR) catalyzes the last step in proline biosynthesis, converting Δ 1 -pyrroline-5-carboxylate into proline. There are no probe sets for P5CR on the Vitis Genome Array, but there are probe sets for P5CS. Water deficit increased the transcript abundance of P5CS in both Chardonnay (p = 0.0028) and Cabernet Sauvignon (p = 0.0258) berries at véraison, but no significant effects of water deficit were observed at maturity when proline concentration was most affected by water deficit in Cabernet Sauvignon (Fig. 11 ).
Glutamate is central to amino acid metabolism and nitrogen assimilation [37, 38] . Key enzymes involved in glutamate metabolism are glutamate dehydrogenase (GDH), glutamate decarboxylase (GAD), glutamate synthase (GOGAT), glutamine synthetase (GS), aspartate aminotransferase (AspAT), and asparagine synthetase (AS). The enzymes are responsible for assimilating ammonium into glutamate, except for GAD, which irreversibly catabolizes glutamate into γ-aminobutyric acid (GABA).
Glutamate concentrations in the berry were too low to provide reliable quantitative data in the GC-MS chromatograms. However, the Vitis Genome Array data supported the hypothesis that glutamate metabolism contributes to the increased proline concentrations in WD Cabernet Sauvignon berries (Fig. 11) . Water deficit increased significantly the transcript abundance of the cytoplasmic forms of ASPAT (p < 0.0001), GS (p = 0.0048), and AS (p < 0.0001) in Cabernet Sauvignon at maturity (Fig. 11 ). In contrast, water deficit had no effect on the transcript abundance of ASPAT (p = 0.1353) or it decreased the transcript abundance of GS (p < 0.0001) and AS (p = 0.0029) in Chardonnay berries at maturity. Water deficit had no statistically significant effect on the transcript abundance of GDH in Chardonnay (p = 0.0569), but significantly decreased the transcript abundance of GDH in Cabernet Sauvignon (p = 0.0014). There were no significant effects of water deficit on the transcript abundance of NADHdependent GOGAT for either cultivar, but transcript abundance was much higher for Cabernet Sauvignon than Chardonnay (Fig. 11 ). Water deficit might have significantly increased glutamate catabolism, because the transcript abundance of GAD was increased significantly in Cabernet Sauvignon (p = 0.0014) and Chardonnay (p < 0.0001). The data indicate that ASPAT might have provided the greatest contribution to the increased proline concentrations in WD Cabernet Sauvignon berries, because there were large differences between Cabernet Sauvignon and Chardonnay (Fig. 11 ) relative to the other transcripts.
Phenylpropanoid metabolism
Polyphenolic compounds play an important role in the quality of grapes and wines, and the way these substances are transformed during vinification influences the quality of wine, directly or indirectly, conferring on it some of its structure and sensorial properties [39] . Phenolics are classified as nonflavonoid and flavonoid compounds and are derived from the phenylpropanoids. Many of these phenolics, including anthocyanins and flavonols, contribute to human-health benefits [40] [41] [42] .
Recently, water deficit was shown to accelerate ripening and induce changes in gene expression regulating flavonoid biosynthesis, especially the anthocyanin pathway as measured by the increase in total anthocyanins [9] . Our results on individual anthocyanins were consistent with this study; water deficit increased approximately 2-fold the accumulation of the five major anthocyanins in Cabernet Sauvignon berries relative to berries from wellwatered vines (Fig. 12) . The concentration of all anthocyanins increased rapidly after véraison.
Anthocyanin biosynthesis is under the control of two MYB transcription factors, MYBA1 and MYBA2 [43] [44] [45] .
The influence of water deficit on proline concentrations and the transcript abundance of enzymes involved in proline and gluta-mate metabolism Figure 11 The influence of water deficit on proline concentrations and the transcript abundance of enzymes involved in proline and glutamate metabolism. The symbols are the same as in Figure 1 ; n = 6 for proline; n = 3 for transcripts.
The influence of water deficit on berry anthocyanin concentrations and transcripts associated with regulation and metabolism in the anthocyanin pathway Figure 12 The influence of water deficit on berry anthocyanin concentrations and transcripts associated with regulation and metabolism in the anthocyanin pathway. The symbols are the same as in Figure 1 ; n = 6 for anthocyanins; n = 3 for transcripts. UFGT (UDP-glucose 3-O-flavonoid:glucosyltransferase) 1619788_at; MYBA1&A2 (Vitis vinifera MYB transcription factor A1 and Vitis vinifera MYB transcription factor A2), 1615798_at cross hybridizes to the transcripts of both transcription factors; VlMYBA1&B1 (Vitis labrusca MYB transcription factor A1 and Vitis labrusca MYB transcription factor B1) 1620319_s_at cross hybridizes to the transcripts of both transcription factors.
Both transcription factors regulate UDP-glucose 3-O-flavonoid:glucosyltransferase (UFGT) in a similar manner [45] . UFGT catalyzes one of the last steps in anthocyanin biosynthesis. On the Vitis Genome Array, there is a probe set (1615798_at) that hybridizes to the transcripts of both transcription factors. The transcript abundance for these transcription factors was increased by water deficit and also was correlated highly with UFGT transcript abundance (Fig. 12 ). The rapid increase in transcript abundance of these genes after véraison correlated well with the rapid increase in the individual anthocyanins during the ripening phase ( Fig. 12) . Malvidin 3-O-β-glucoside was the most abundant anthocyanin under well-watered conditions, being 4-fold higher than the next most abundant anthocyanin, peonidin 3-O-β-glucoside. While all five anthocyanins were increased by water deficit, peonidin 3-O-β-glucoside was increased the most (4-fold as compared to the 50% increase for malvidin 3-O-β-glucoside). Peonidin gives purplish-red hues to grapes, whereas malvidin gives red hues. The increase in anthocyanins and their overall change in composition in the berries undoubtedly contributed to the changes in color that are observed in Cabernet Sauvignon wines made from WD berries [8, 36] , including changes in hue, chroma and luminosity [36] .
Another transcript that functions in an earlier step in the flavonoid pathway, flavanone 3-hydroxylase, was also affected by water deficit, but at a later stage of development (Fig. 12) . The transcript abundance of other Unigenes related to MYB transcription factors and potentially related to the regulation of the anthocyanin pathway in plants was increased in WD Cabernet Sauvignon berries compared to WW berries (Additional file 3). One example (1620319_s_at, TC61048) encodes VlMYBB1, whose function has been reported previously in grape berry [44] . Transient expression of the VlMYBB1 cDNA in grape cells did not result in red pigment accumulation in the vacuole suggesting that this transcription factor was not directly involved in the regulation of the UFGT gene. UFGT catalyzes one of the last steps of color (anthocyanin) development in grape berry skin [44] . The transcript abundance of this Unigene was increased in WD Cabernet Sauvignon berries (Fig. 12 ).
Water deficit also increased shikimate concentrations and the steady-state mRNA abundance of genes encoding key enzymes at earlier steps in the shikimate and phenylpropanoid pathway in Cabernet Sauvignon (Fig. 13 ). For instance, the transcript abundance of 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase (DHPS, 1614440_at, TC54321), chorismate mutase (1609932_at, TC53641) and phenylalanine ammonia lyase (1610206_at, TC69585) was significantly increased (p < 0.01) in WD Cabernet Sauvignon. In contrast, the tran-script abundance of these genes was not increased by water deficit in Chardonnay. In addition, shikimate concentrations were increased by WD in Cabernet Sauvignon, but not in Chardonnay.
Flavonols contribute to the bitter taste and color of red wine by stabilizing anthocyanin pigments [39] . In grape berries, they also play a role as UV protectants [46] . Increasing light intensity enhances flavonol accumulation in grapes [47, 48] . Flavonol synthase (FLS), which catalyzes the reaction from dihydroflavonol to flavonol, is regarded as one of the main enzymes involved in flavonol biosynthesis [49, 48] . The transcript abundance of a flavonol synthase (1618551_at, TC60553) named FLS4 [48] increased (p < 0.0001) across berry development in WD plants compared to WW plants in Chardonnay ( Fig. 14) and coincided with differences (p = 0.0052) in the amount of total flavonols observed in Chardonnay berries at harvest stage (Fig. 14) . These increases were larger for Chardonnay compared to Cabernet Sauvignon during the last two stages of berry development.
Sugar, ABA and anthocyanin metabolism
As mentioned previously, ABA and anthocyanin metabolism are closely associated with sugar metabolism and transport. What is the timing of these three events? Do they occur simultaneously or does one event precede another? Accumulation of both fructose and glucose is first perceptible at véraison in Cabernet Sauvignon and Chardonnay (Fig. 15 ). ABA concentrations in both cultivars start to increase just prior to véraison (Fig. 6) . Changes in sucrose accumulation or the transcript abundance of a cell wall invertase (1611027_at) were not well correlated with fructose and glucose accumulation ( Fig.  15 ) indicating that other invertases were likely involved or that the enzyme was regulated by post-transcriptional modifications. In Cabernet Sauvignon, anthocyanins clearly accumulated at the start of véraison along with the transcript abundance of MYBA1, MYBA2 and UFGT (Fig.  12 ). Thus, it would appear that ABA concentrations increased in berries just prior to that of hexose accumulation in both cultivars and anthocyanins in Cabernet Sauvignon.
Discussion
Cabernet Sauvignon (red-wine grape) and Chardonnay (white-wine grape) are two of the most widely grown cultivars of Vitis vinifera throughout the world and have different genetic backgrounds. Their genetic pedigree has been clearly established. Cabernet Sauvignon is the progeny of two French Bordeaux cultivars, Cabernet Franc (red) and Sauvignon Blanc (white) [50] and Chardonnay is the progeny of Pinot (red) and Gouais Blanc (white) that were widely grown in Northeastern France [51] .
Most white grapes, including Chardonnay, evolved apparently from the mutation of two MYB transcription factors, VvMYBA1 and VvMYBA2, which regulate anthocyanin biosynthesis in the grape skin; Cabernet Sauvignon is heterozygous for red berry color having both a red and a white allele [45] . In the same paper it was shown that in Shiraz (red grape), the transcript abundance of these transcription factors along with UFGT, an enzyme involved in one of the last steps in anthocyanin biosynthesis, was increased at véraison, the beginning of fruit ripening and coloring [45] .
In a previous greenhouse study, Cabernet Sauvignon shoot growth was more sensitive to water deficit and salinity than the shoot growth of Chardonnay [52] . In stressed plants, there was a reduction of the amount of proteins involved with photosynthesis, protein synthesis, and protein destination and this was correlated with the inhibition of shoot elongation. Many of the proteins that were increased by osmotic stress in Chardonnay were of unclassified or of unknown function, whereas proteins specifically increased by dehydration in Cabernet Sauvignon were involved in protein metabolism.
In this study, the response of these two cultivars to water deficit was evaluated. Given that they have different genetic backgrounds, different color compositions in their berry skins, and known differences in their tolerance to water deficits, we expected that there would be distinct differences in their metabolic responses to water deficit. Analysis of this water deficit study was confounded by the fact that the cultivars were studied at different vineyard sites. Any field study is imperfect in that one cannot control all experimental variables in the field. For example, the soil in a field is not uniform; there is natural soil variability within the site; therefore, the roots of each plant in
The influence of water deficit on the transcript abundance of enzymes involved in the shikimate and early stages of the phenyl-propanoid pathways Figure 13 The influence of water deficit on the transcript abundance of enzymes involved in the shikimate and early stages of the phenylpropanoid pathways. The symbols are the same as in Figure 1 ; n = 6 for shikimate; n = 3 for transcripts. DHPS (3-deoxy-D-arabino-heptulosonate 7-phosphate synthase), 1614440_at.
The influence of water deficit on berry total flavonol concentrations and the transcript abundance of flavonol synthase Figure 14 The influence of water deficit on berry total flavonol concentrations and the transcript abundance of flavonol synthase. The symbols are the same as in Figure 1 ; n = 6 for flavonols; n = 3 for the flavonol synthase transcript, 1618551_at. a field might be exposed to a different soil environment. Pot experiments in the greenhouse also suffer from their own set of experimental limitations (e.g. root restriction, filtered light, unrealistic and rapid soil drying, etc.). In this study, not only were the cultivars exposed to slightly different climatic conditions, but also they were grown in different soils with different rooting depths. Consequently, the rate of application of water deficit for Cabernet Sauvignon was slower than the rate of application of water deficit for Chardonnay. The rate of decreasing water deficit could not be controlled, but the final level of water deficit reached was controlled. The timing and rate of water deficit could affect the stress response of the vines as discussed in the introduction. A gradual application of water deficit or salinity to grapevines allowed more time for more complex responses and possible acclimation than osmotic shock treatments [53] . Thus, while both cultivars were exposed to water deficit, there may be con-founding factors in the field that limit our ability to make firm conclusions.
Nevertheless, some interesting observations have been made. For example, given that there was a faster rate of development of water deficit in Chardonnay and that the overall decrease in stem water potential was at least that of Cabernet Sauvignon relative to its control over the entire course of the season (Fig. 1) , it would be expected that Chardonnay would have some water deficit responses that were more rapid and at least equal to that of Cabernet Sauvignon. For example, the induction of elevated ABA concentrations in Chardonnay would be expected to be at least as high as Cabernet Sauvignon, because elevated ABA concentrations are generally proportional to the water deficit level imposed on the plant [54] [55] [56] and ABA concentrations can be increased with osmotic shock or with slower applications of stress [57] . However, while ABA concentrations increased early on in Chardonnay, the The influence of water deficit on sugar accumulation and the transcript abundance of a cell wall invertase Figure 15 The influence of water deficit on sugar accumulation and the transcript abundance of a cell wall invertase. The symbols are the same as in Figure 1 ; n = 6 for sugars; n = 3 for the cell wall invertase transcript, 16111027_at.
ABA response to water deficit at véraison or one week after véraison was much more significant for Cabernet Sauvignon than Chardonnay indicating that these diverse responses might be due to varietal differences (Fig. 5 ). In the following sections, the impacts of water deficit on the most significant changes in metabolism that differ between these cultivars and how they impact important sensory attributes in grapes and wines are discussed.
Is increased anthocyanin metabolism, proline and hexose accumulation regulated by ABA?
Our results ( Fig. 12 ) are consistent with earlier reports on anthocyanin biosynthesis [45] ; probe sets for both VvMyBA1&2 and UFGT increased significantly at véraison in Cabernet Sauvignon but not in Chardonnay. In addition, water deficit significantly increased mRNA expression of these genes at the start of véraison in Cabernet Sauvignon and was probably responsible for the most part in the increased concentrations of individual anthocyanins in the berries ( Fig. 12 ) and in wine color [36] . Similar findings and conclusions were presented recently for berries of Cabernet Sauvignon [9] , Merlot [15] and Agiorgitiko [58] .
Coincident with these changes in anthocyanin accumulation, water deficit increased hexose ( Fig. 15 ) and proline ( Fig. 11 ) accumulation at véraison in Cabernet Sauvignon, but not in Chardonnay. Hexose accumulation is not only a function of biosynthesis (invertase activity), but also requires transport into the cells of the berries from the apoplast and may be dependent upon starch metabolism [21] . There are a number of hexose transporters that have been identified in grape berries [59] . A hexose transporter as well as an abscisic acid, stress, and ripening (ASR) protein are synergistically upregulated by ABA and sugar treatments [60, 61] . Thus, not only might ABA trigger anthocyanin biosynthesis [16] , but also hexose uptake. In addition, ABA is known to increase proline concentrations [62] . Our data were consistent with these hypotheses, but the temporal spacing of time points collected in this study was inadequate to properly resolve the timing of these events. However, support for this hypothesis can be found in another study on grape berries [63] . ABA was shown to stimulate invertase activity in the apoplast of grape berries and there was a rise of ABA concentration in the berry (with high time resolution) that clearly preceded the accumulation of soluble solids (hexoses) in the berries.
ABA regulation during berry development
What is regulating the increase in ABA concentration prior to véraison in well-watered berries? NCED represents the first committed step in ABA biosynthesis [64] and its transcript abundance is often correlated with ABA concentrations. In addition, metabolic steps upstream of NCED and ABA catabolism downstream can also affect ABA concentrations in some tissues and organs [57] .
Other reports are not consistent with our results or with each other. In a study on ripening Cabernet Sauvignon berries [23] , NCED2 but not NCED1 was found to be upregulated at véraison. However, ABA concentrations were not measured in that study, so the significance of this change in gene expression was not clear. We did observe a slight increase in transcript abundance of NCED2 (Fig. 7) at véraison, but ABA concentrations were correlated largely with the expression of NCED1 (Fig. 6) .
In another study on Merlot berries [15] , the transcript abundance of NCED1 and NCED2 was transiently increased by water deficit at véraison, but ABA concentrations also were not measured. These authors implied that NCED enzyme activity might not be significant based upon correlations of NCED transcript abundance with other ABA-regulated transcripts. In contrast to a previous study [23] , the transcript abundance of NCED2 of the well-watered controls of Merlot berries did not increase before véraison but did so for NCED1 [15] . In our study we found that ABA concentrations of Cabernet Sauvignon and Chardonnay berries were highly correlated with NCED1 transcript abundance. While other mechanisms of ABA inactivation such as catabolism or glycosylation might affect ABA concentration, these mechanisms did not appear to be as significant as biosynthesis in our study.
What signals might regulate NCED1 transcript abundance? The transcript abundance of NCEDs and ABA concentration can be increased by water deficit [65] . Berry turgor declines at or before véraison as a result of solute accumulation in the apoplast [66, 67] and could possibly be a trigger for the increase in ABA biosynthesis. However, turgor decreases appear to be the result of ABA-stimulated invertase activity and the subsequent significant accumulation of hexoses in the apoplast [68, 67] .
In addition, ABA concentrations are affected by ethylene [69] and phytochrome [70, 71] . A recent study indicates that phytochrome can affect NCED transcript abundance [71] . Results from the Genevestigator response reviewer https://www.genevestigator.ethz.ch/ for AtNCED9 (At1g78390), the Arabidopsis transcript with the highest homology with VvNCED1, indicates that its transcript abundance is significantly increased by ACC (the precursor of ethylene) treatment, as well as by brassinolide, heat, osmotic stress, and low concentrations of K + , NO 3and glucose treatments. Thus, there are likely to be a number of factors that influence NCED transcript abundance. ABA concentrations are regulated by NCEDs in avocado fruit, a climacteric fruit [72] . The rise in ABA concentration in avocado is preceded by a rise in ethylene concentration. Likewise, the expression of CsNCED1 in the peel of citrus, a non-climacteric fruit, was stimulated by ethylene and water deficit [73] . The ethylene receptor, ETR4, was found to regulate the onset of ripening in tomato fruit [74] . In a previous study, there was an increase in transcript abundance of ACC oxidase (1615952_s_at, TC56709) at stage 32 [21] , which preceded the peak of NCED1 transcript abundance, indicating that ethylene might be a potential trigger of ABA biosynthesis at or before véraison in grape berries. However, this suggestion is very tentative as the overall correlation between the transcripts was poor and no measurements of ethylene were made. Further experiments are needed to clarify this hypothesis.
Differential effects of water deficit on volatile compounds
Water deficit affected other metabolic pathways in berries that also act in plant defense and stress responses. These pathways involve fatty acid, isoprenoid and carotenoid metabolism as well as photosynthesis. Plant volatile esters can be derived from fatty acids through the activity of several enzymes including LOX and HPL. LOXs belong to a large gene family and are ubiquitous in plants [75] . In addition to their potential role in the formation of volatile compounds, LOXs are involved in storage lipid mobilization, plant defense and jasmonic acid biosynthesis. These enzymes might act as a "master switch" in plant development and stress adaptation [75] . HPL is a cytochrome P450 monooxygenase that is part of a small gene family, CYP74 [32] . This enzyme catalyzes the conversion of 13hydroperoxide (the product of the LOX reaction) to hexanal (a green leafy volatile) and 12-oxo-cis-9-dodecenoic acid. Hexanal can be converted into other volatile compounds. These volatiles are thought to be involved in defense signaling [76] . In addition, they clearly participate in human perception of flavor and aroma in wines [77] .
Water deficit had significant effects on fatty acid metabolism for both Cabernet Sauvignon and Chardonnay. Five different lipoxygenases (LOXs) were identified on the Vitis Genome Array with four of them having significantly increased transcript abundance in response to water deficit. However, two of these LOXs had decreased transcript abundance in Cabernet Sauvignon after véraison in response to water deficit, so the response is complex. Water deficit also increased the transcript abundance of HPL for both cultivars (Fig. 11 ).
There were specific effects of water deficit on isoprenoid and carotenoid metabolism in Chardonnay. The transcript abundance of a terpenoid synthetase and a carotenoid cleavage dioxygenase was increased by water deficit in Chardonnay at maturity, but not in Cabernet Sauvignon (Fig. 11 ). Both of these enzymes are known to produce odor-active volatile compounds in wine grapes [30, 31] . Although these volatiles were identified in other wine grape cultivars (i.e. Muscat of Alexandria, Shiraz and Gewürztraminer) it is possible that they also contribute to the aroma profile of Chardonnay.
We did not detect significant increased concentrations of lutein and β-carotene by water deficit in our study, however a recent study [78] found small but significant increases in these carotenoids in Cabernet Sauvignon berries treated with partial rootzone drying, a specialized technique to induce water deficit and ABA concentrations. The accumulation of lutein 5,6 epoxide (Lx) in grape berries is of interest. This compound is associated with a novel long-term photoprotective/light harvesting cycle known as the Lx cycle in the leaves of a few select species, including avocado, mistletoe, shaded leaves of tropical plants and Mediterranean oaks [79, 80] . Its occurrence in a fruit (avocado) has only been reported once to our knowledge [72] . Thus, this observation in grape berries presents an additional opportunity for further investigations into the physiological function of this intriguing cycle.
Glycosylated C 13 -norisoprenoid precursors in Cabernet Sauvignon berries were increased by partial rootzone drying [78] . Thus, while our data indicated that CCD transcript abundance was not increased in Cabernet Sauvignon by water deficit at maturity, earlier increased activity of this enzyme may have contributed to the increased storage (glycosylated) form. Thus, early activity of this enzyme might still contribute to perceived differences in aromas in Cabernet Sauvignon wine, because deglycosylation during yeast fermentation could convert these precursors to odor-active forms.
Aroma profiles are complex and influenced by many variables [77] . While it is not possible from this study to make direct connections between enzymatic activity and volatile production, one can link the effect of water deficit on the transcript abundance of enzymes involved in volatile production and there are clear effects of water deficit on fruity aromas in both red and white wines [36, 58, 5] . There were many differences between the two cultivars in response to water deficit, which might contribute to differences in their volatile and flavor profiles in the grapes and the wines. Further experiments are needed to clarify the full significance of these results.
The specific effects of water deficit on the carotenoid pathway in Chardonnay are probably related to volatile production and photoprotection. Grape berries are usually regarded as photosynthetic organs during their first phase of development, which explains why most of the transcripts with photosynthesis-related functions are largely expressed at anthesis and two weeks after flowering and then decline steadily in abundance for the remainder of berry development [21, 81, 82] . In grapevine shoots, water stress is known to enhance the expression of genes involved in glycolysis and the electron transport chain of chloroplasts, reflecting the need to repair damaged photosynthetic components due to photoinhibition [29] . In WD Chardonnay berries, the same response occurred with several Unigenes associated with glycolysis and photosystem II (Fig. 10) . Taken together, it would appear that photosynthesis reactions were more easily damaged in WD Chardonnay berries in comparison to the anthocyaninprotected WD Cabernet Sauvignon berries.
Another fact that supports the differential occurrence of photoinhibition in Chardonnay was the altered abundance of antheraxanthin and key transcripts associated with the xanthophyll cycle. Xanthophylls protect chloroplasts from excessive light particularly under stress. For instance, chloroplasts are more tolerant of heat when they accumulate zeaxanthin [83] , antheraxanthin being an intermediate step between zeaxanthin and violaxanthin. In our experiment, the transcript abundance of β-carotene hydroxylase (1615888_at, TC67433) and violaxanthin de-epoxidase (NPQ1, 1611998_at, TC68254) was increased just before maturity (Fig. 5 ). Conversion of violaxanthin to zeaxanthin by violaxanthin de-epoxidase is required for the dissipation of excess light energy in the antennae of photosystem II [28] . Thus, it would appear that Chardonnay berries are more sensitive during water deficit resulting in damage to the photosynthetic apparatus. To compensate for the lack of anthocyanins, white grape cultivars, like apples [46] , might accumulate carotenoids to protect the photosynthetic apparatus. Anthocyanin accumulation in red or black grape berries might provide sufficient protection against excess light, which might explain why the transcript abundance of NPQ1 was not increased by water deficit in Cabernet Sauvignon.
In addition, flavonol concentrations were increased in Chardonnay, but not in Cabernet Sauvignon. Flavonols are phenolics; the major compounds in grapes are quercetin, kaempferol and isorhamnetin [84] . Flavonols, carotenoids and anthocyanins provide photoprotection in apples and apples with low levels of anthocyanins have increased flavonol and carotenoid concentrations [46] . Thus, the increased concentration of flavonols in WD Chardonnay berries indicates a greater need for photoprotection. An additional benefit of increased flavonol concentrations in grapes is that flavonols have important medicinal properties in humans with significant antiinflammatory activities [85] .
Conclusion
Using transcript and metabolite profiling, water deficit was shown to have a significant impact on the metabolism of both red-and white-wine grape berries. Metabolic responses varied with the cultivar and the color of the grape. Across berry development and in response to water deficit, berry ABA concentrations were strongly correlated with the berry transcript abundance of NCED1. ABA concentrations were increased significantly by water deficit at véraison and one week after véraison in Cabernet Sauvignon, but not in Chardonnay berries. The rise in ABA concentrations by water deficit appeared to precede and enhance anthocyanin, hexose and proline accumulation in Cabernet Sauvignon berries. Water deficit also had large and significant impacts on the abundance of some transcripts and metabolites involved in phenylpropanoid, isoprenoid, carotenoid, amino acid and fatty acid metabolism in Cabernet Sauvignon and Chardonnay berries. To the best of our knowledge, this is the first report to show that water deficit had significant effects on transcripts involved in amino acid and fatty acid metabolism in grape berries. The effects of water deficit on metabolism have important impacts on berry constituents that influence flavor and quality characteristics in grapes and wine and might contribute to increased antioxidants and humanhealth benefits.
Methods
Experimental sites and conditions
Grape berries from Cabernet Sauvignon and Chardonnay (Vitis vinifera) vines were collected at seven different time points during the summer of 2004 from the Shenandoah Vineyard in Plymouth, Calfiornia, USA (Cabernet Sauvignon), and the Valley Road Field Station experimental vineyard belonging to the University of Nevada, Reno, Nevada, USA (Chardonnay). The Cabernet Sauvignon vines were 20-years-old and grown on St. George rootstock. They were grown on a T-trellis with bilateral cordons on two fruiting wires. The 8-year-old Chardonnay vines were grown on their own roots on a vertical shoot positioning trellis system with a single cordon on a single fruiting wire. To avoid any edge effects, plants used for this experiment were located in the middle of the vineyard. Initially none of the vines were irrigated in the early part of the season. Drip irrigation was initiated for the well-watered plants when stem water potentials reached -0.6 MPa and for the water-deficit vines when stem water potentials reached -1.2 MPa, the target levels for the treatments. Two grape clusters were sampled weekly on the sunny and the shady side of each plant. The clusters were pooled together in order to homogenize the samples and mitigate any potential light and temperature effects within different parts of the canopy.
Physiological data
Six biological replicates were sampled for each measurement. Fully mature leaves were selected for stem water potentials measurements [86] . A single leaf per plant was tightly zipped in a plastic bag to eliminate transpiration at 11:00 AM in the morning; aluminum foil was wrapped around the bag, deflecting light and heat. After 120 minutes of equilibration time (1:00 PM), the excised leaf was placed into a pressure chamber (3005 Plant Water Status Console, Soil Moisture Corp., Goleta, CA, USA). The foil was removed before placing the bagged leaf in the chamber and the balancing pressure required to exude xylem sap from the cut surface was recorded. Berry development was characterized by monitoring berry diameter, total soluble solids and titratable acidity. Berry diameter was measured with a micrometer; fifteen individual berry measurements were averaged per cluster, and four clusters were sampled per vine (biological replicate). Total soluble solids (°Brix) were assayed with a refractometer (BRIX30, Leica Microsystems Inc., Buffalo, NY, USA) from the juice of crushed berries. Titratable acidity (g L -1 ) of the grape juice was assessed according to standard procedures used in the USA [87] . Statistical analyses including ANOVA analysis was performed using Prism 4.0 (GraphPad Software, Inc., San Diego, CA, USA) unless otherwise stated. Data were considered significantly different if the probability that the null hypothesis was true was p < 0.05 (i.e. means across conditions were equal).
RNA extraction and microarray hybridization
Total RNA was extracted from berries finely ground in liquid nitrogen using Qiagen RNeasy Plant MidiKit columns as previously described [88] . The total RNA was further purified using a Qiagen RNeasy Plant Mini Kit according to the manufacturers' instructions. RNA integrity was confirmed by electrophoresis on 1.5% agarose gels containing formaldehyde and quality was confirmed by analysis on an Agilent 2100 Bioanalyzer using RNA LabChip ® assays according to the manufacturer's instructions. mRNAs were converted to cDNAs using a reverse transcriptase and oligo dT primer containing a T7 RNA polymerase promoter sequence. Biotinylated complementary RNAs (cRNAs) were synthesized in vitro using T7 RNA polymerase in the presence of biotin-labeled UTP/CTP, purified, fragmented and hybridized in the Vitis Genome Array cartridge (Affymetrix ® , Santa Clara, CA, USA). The hybridized arrays were washed and stained with streptavidin phycoerythrin and biotinylated anti-streptavidin antibody using an Affymetrix Fluidics Station 400. Microarrays were scanned using a Hewlett-Packard GeneArray ® Scanner and image data was collected and processed on a GeneChip ® workstation using Affymetrix ® GCOS software.
Microarray data processing
Biological triplicates were included per experimental treatment (two cultivars (Chardonnay and Cabernet Sauvignon); two irrigation levels (well-watered (WW) and water deficit (WD)); and 7 developmental stages). Expression data were processed using the same method described previously [21] . Average background and noise (RawQ) were examined for consistency across all 84 arrays. Average background ranged from 29 and 77 when run on 10% PMT scanner settings. Note that one additional array contributed a notable background level of 124.05, and without this one array, the background was mean of 49, and standard deviation of 9. RawQ levels fell between 0.7 and 3.7 with a mean value of 1.5 and standard deviation of 0.4. Present call rates were consistent across 83 or 84 arrays, ranging from 68% to 76% (mean rate 73%). One array had a call rate of 65%. This array was re-run due to inconsistencies in its RNA degradation, and upon re-running, had a present call rate of 70%. The hybridization controls BioB, BioC, BioD, and Cre were present 100% of the time. Additionally, it was verified that signal intensities of BioC, BioD, and Cre increased, respectively. Lastly, 3' to 5' ratios of both actin and GAPDH were verified to be within Affymetrix guidelines: all actin ratios were less than 1.12; GAPDH ratios were consistently below 1.33. Images of all arrays were examined, and no obvious scratches or spatial variations were observed.
Upon application of pre-processing and normalization, all 84 arrays exhibited consistent distributions (Additional files 6 and 7). Similarly, digestion curves describing trends in RNA degradation between the 5' end and the 3' end of each probe set were generated, and all 84 proved comparable (Additional file 8).
To ensure strict reproducibility standards, any probe set in which less than two of the triplicates were not present (as labeled by the Affymetrix GCOS software) was deleted. There were 6,501 probe sets (39%) that did not pass this rigorous control measure, and were deleted.
A simple, three-way fixed effects ANOVA was performed on the RMA-normalized (Robust Multichip Average; [89] ) and processed data to examine probe sets with significant Treatment effects, Treatment and Cultivar interaction effects, and Treatment, Cultivar, and Time interaction effects. A multiple testing correction was applied to the pvalues of the F-statistics to adjust the false discovery rate [90] . Genes with adjusted F-statistic p-values < 0.05 were extracted for further analysis. The raw and processed data have been deposited in PLEXdb (http://www.plexdb.org; experiment: VV5).
qRT-PCR experiments
RNA was extracted from the sample biological sample as for hybridization of the Vitis Genome Array and its integrity was verified as described above. cDNA was synthesized using an iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to manufacturers' instructions with a uniform 1 μg RNA per reaction volume reverse-transcribed. Primers for genes (Additional file 1) assayed by quantitative real-time RT-PCR (qRT-PCR) were selected using Primer3 software http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi [91] . qRT-PCR reactions were prepared using an iTaq SYBR Green Supermix with ROX (Bio-Rad) and performed using the ABI PRISM ® 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Expression was determined for triplicate biological replicates by use of serial dilution cDNA standard curves per gene. In order to assess the performance of the array in a biological context, we examined the transcript abundance of some candidate genes from Cabernet Sauvignon and Chardonnay exhibiting a marked expression pattern across the seven time points in WW and WD conditions. qRT-PCR was performed with the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) under annealing conditions of 50°C for 1 minute and analyzed with ABI PRISM 700 SDS software. Analysis of relative gene expression was performed using the method [92] . Comparative analyses between microarray data and real time gene expression were analyzed using the equation ΔΔ C T = (C T, Target -C T, HG ) Time X -(C T, Target -C T, HG ) Time 0 where Time X is the value at any time point and Time 0 represents the 1× expression of the target gene normalized to the housekeeping gene (HG). Specific qRT-PCR for NCED1 and NCED2 were carried out by comparison of the Ct data between the target gene and the housekeeping gene throughout berry development. Primer pairs used for the relative gene expression of NCED1 and NCED2 isogenes were the same as those described previously [23] . Data were calculated from the calibration curve and normalized [93] using the expression curve of an ankyrin-repeat protein (1612584_s_at; TC53110), whose mRNA presented an extremely low coefficient of variation (0.056, M Value = 0.1297) with microarray analysis.
Metabolite extraction and derivatization protocol of the polar extracts of berry
All tissue samples were kept frozen throughout the freezedrying procedure. Freeze-dried berry tissue (6 mg) was placed in a standard screw-cap-threaded, glass vial. Polar metabolites were extracted with a water/chloroform protocol according to previously established procedures [94] . The aqueous phase, after 1 hour of extraction, containing 12.5 mg L -1 of ribitol as an internal standard, was evaporated over-night in a vacuum concentrator and the tube was then returned to the -80°C freezer until use. Afterwards, polar samples were derivatized by adding 120 μL of 15 mg mL -1 of methoxyamine HCl in pyridine, sonicated until all crystals disappeared and incubated at 50°C for 30 minutes. After that, 120 μL of MSTFA + 1% TMCS (Sigma-Aldrich, Inc., St. Louis, MO, USA) were added, incubated at 50°C for 30 minutes and immediately taken for analysis with a Thermo Finnigan Polaris Q230 GC-MS (Thermo Electron Corporation, Waltham, MA, USA). Derivatized samples (120 μL) were transferred to a 200 μL silanized vial insert and run at an injection split of 200:1 and 10:1 to bring the large and weak peaks to a concentration within the range of the detector. The inlet and transfer lines were held at 240°C and 320°C, respectively. Separation was achieved with a temperature program of 80°C for 3 min, then ramped at 5°C min -1 to 315°C and held for 17 min, using a 60-m DB-5MS column (J&W Scientific, 0.25 mm ID, 0.25 μm film thickness) and a constant flow of 1.0 ml min -1 . All organic acids, sugars and amino acids were verified with standards purchased from Sigma-Aldrich.
Metabolite data processing
Metabolites were identified in the chromatograms using one software package: Xcalibur (1.3; Thermo Electron Corporation). The software matched the mass spectrum in each peak against three different metabolite libraries: NIST (v2.0: http://www.nist.gov/srd/mslist.htm), Golm (T_MSRI_ID: http://csbdb.mpimp-golm.mpg.de/csbdb/ gmd/msri/gmd_msri.html) and our own custom-created UNR library (V1) made from standards bought from Sigma-Aldrich. Quantification of the area of the chromatogram peaks was determined using Xcalibur and normalized as a ratio of the area of the compound peak to the area of the ribitol internal standard. ANOVA and other statistical analyses were performed using Prism 4.0 (GraphPad Software, Inc, USA).
Extraction and quantification of anthocyanins
The extraction and quantification of anthocyanins followed methods described previously [95] . Freeze-dried cells were extracted with 1% trifluoroacetic acid (TFA) in methanol (MeOH). The filtered extracts were combined and concentrated in a vacuum concentrator. The obtained aqueous solution was applied to an Amberlite XAD-7 chromatographic column [96] and washed with 1% aqueous TFA. Anthocyanins were eluted by 50% MeOH containing 1% aqueous TFA. In the next step of purification, the crude anthocyanins were separated by semi-preparative HPLC on a Protonsil Eurobond (Bischof, Germany) reverse-phase C18 column (5 μm packing, 4 mm i.d. × 250 mm) protected with a guard column of the same material. Solvents used for the separation were 0.1% trifluoroacetic acid in water (A) and 0.1% trifluoroacetic acid in acetonitrile (B). The elution program at 0.6 mL/min was 12% to 26% B (0-35 min), 26% to 100% B (35-36 min), 100% B (36-49 min), 100% to 12% B (49-50 min) and 12% B (50-60 min). The chromatogram was monitored at 521 nm. HPLC analyses were carried out on a Gilson (Middleton, Wisconsin, USA) gradient system (305/ 306 pumps driven by 712 system controller software) equipped with a UV visible detector (Model SP8450, Spectra Physics, Inc, Irvine, California, USA). Delphinidin-and petunidin-3-O-β-glucosides were collected at retention times (Rt) of 17 min and 21 min, respectively. Cyanidin-, peonidin-and malvidin-3-O-β-glucosides were collected at RT of 19 min, 24 min and 25 min. Their contents were estimated from calibration curves established with pure compounds purchased from Extrasynthèse (Genay Cedex, France). Their chemical structures were controlled by their mass (in the Fast-Atom bombardment + mode) and their H 1 -NMR spectra (data not shown) [97] . 
Extraction and determination of flavonols
Extraction and determination of chlorophyll
Frozen berry tissue (0.2 g) was ground in 1 mL of extraction buffer (100 mM Tris pH = 7.8, 10 mM MgCl 2 , 10 mM DTT, 1% PVP-360, 1% Triton X-100). The samples were centrifuged for 10 minutes at 4°C. A 200 μL aliquot was resuspended in 800 μL of 100% acetone for the chlorophyll determination. The sample was then centrifuged at 15,000 rpm for 10 minutes at 4°C. Chlorophyll was assayed in a spectrophotometer according to Guralnick and Ting [99] . Aliquots of 50 to 100 mg of lyophilized whole grape berry samples were weighed out into a 6 mL screw-cap centrifuge tube, to which was added 3 mL of extraction solvent of isopropyl alcohol:H 2 O:AcOH (80:19:1) along with a 60 ng equivalent of each of the deuterium-labeled standards. After vortexing for one min, the solution was put onto an orbital shaker that was placed in a refrigerator at 4°C, and the solution allowed to extract for 24 hours. After extraction, the samples were centrifuged for 20 minutes at 2500 × g and the supernatant removed from the centrifuge tube and transferred to a glass test tube (2 mL screw thread). The solids left in the centrifuge tube were washed with another 0.5 mL portion of the extraction solvent, vortexed and centrifuged again, and the supernatant added to the first portion removed from the vial. The supernatant was dried down in a centrifugal concentrator (GMI, Ramsey, USA) at room temperature and 10 × g.
Extraction and determination of ABA and its metabolites
The dried extract was reconstituted in 2 mL of H 2 0:AcOH (99:1) for cleanup by mixed-mode cation exchange solidphase extraction (Oasis MCX SPE cartridges, 3 cc, 60 mg, Waters, Milford, MA, USA). The cartridges were first prepared by running 3 mL MeOH:AcOH (99:1) and then 3 mL H 2 O:AcOH (99:1) through them into waste vials in the vacuum manifold to which they were attached. Samples were then added to each cartridge and allowed to run through at a rate of approximately one drop every 1 to 2 seconds. The sample vials were each washed with 0.5 mL H 2 O:AcOH (99:1) and this wash was added to the appropriate cartridge as they were draining. Next, each cartridge was washed with 1 mL H 2 O:AcOH (99:1), which also dripped through at the same rate. The cartridges were eluted after centrifugation at 45 × g for 1 min into 1.5 mL of MeOH:AcOH (99:1) by adapting the cartridges onto a microcentrifuge. Finally, the eluate was dried down in a centrifugal concentrator at room temperature.
The dried extracts were re-dissolved in 100 μL MeOH:AcOH (99:1) and made up to 1 mL in H 2 O:AcOH (99:1) for a second stage of solid phase extraction using hydrophilic-lipophilic balance cartridges (Oasis HLB, 1 cc, 30 mg, Waters, Milford, MA, USA). The cartridges were first prepared by washing and equilibrating with 1 mL MeOH:AcOH (99:1) and 1 mL H 2 O:AcOH (99:1), respectively, before loading the sample. Again, the drip rate was kept to approximately one drop every 1 to 2 seconds, and a second wash of the microcentrifuge tube, using 0.5 mL H 2 O:AcOH (99:1), was added as the sample was drawn through the cartridge. The sample was washed with 1 mL H 2 O:AcOH (99:1) and finally eluted into a second microcentrifuge tube using 1 mL H 2 O:CAN:AcOH (69:30:1). This final extract was dried down in a centrifugal concentrator (GMI) and re-dissolved in 80 μL of the reconstitution mix prior to LC-MS/MS analysis.
All samples were analyzed using a Michrom Paradigm MDLC (Michrom Bioresources Inc, Auburn, California, USA) coupled to a LCQ DECA XP+ ion trap mass spectrometer (Thermo Finnigan, San Jose, California, USA). The mobile phase solvent composition and gradient is listed in Table 1 . A flow rate of 200 μL min -1 using a Symmetry C18 column (2.1 × 100 mm, 3.5 um, Waters, Milford, Massachusetts, USA) and auto-injection of 20 μL using a Paradigm AS1 (Michrom Bioresources Inc., Auburn, California, USA). The electrospray mass spectrometer was operated under negative ion mode using a needle potential of 2.50 KV with a capillary temperature of 220°C and a sheath flow of 20. The scan ranges and conditions for ABA-GE and ABA are listed in Table 2 . Because only the deuterated ABA internal standard was adequately detected, standard curves of all ABA metabolites were subsequently generated against the ABA internal standard in order to calculate their concentrations in the berries.
Extraction and determination of carotenoids
Carotenoids were extracted from grape berries as described previously [102] with some modifications. Aliquots of 200 mg of finely crushed frozen berries (liquid N 2 ) were homogenized in 600 μL of distilled-deionized water and 1 μg of internal standard (β-apo-8'-carotenal) was added to assess the recovery of carotenoids after the extraction. Butylated hydroxytoluene (200 mg per sample) was added as a preservative to protect the samples from oxidation. Extraction was carried out with 600 μL of HPLC grade ether/hexane (1:1, v/v) and agitated for 30 min. The extraction was repeated two more times. The three different upper phases obtained were combined and concentrated to dryness in a speedVac. The extract was resuspended in 50 μL acetone/hexane (1:1, v/v) for HPLC determination. Light exposure was minimized during sample preparations in order to avoid photoisomerization.
Carotenoids were analyzed using an Agilent 1100 series HPLC (Agilent Technologies, Inc, Santa Clara, California, USA) equipped with Chemstation software (v. 10.02), a UV-visible photodiode array detector and a Spherisorb ® ODS2 (5 μm particle size; 250 mm × 4.6 mm ID) C18 column (Waters, Milford, MA, USA). The absorption spectra were recorded from 270 to 550 nm. The HPLC conditions Solvent A is water, Solvent B is acetonitrile, and Solvent C is 5% formic acid. 
